ABSTRACT Adult Northern bobwhite were used to test the hypothesis that dietary methionine levels recommended by the NRC for breeding quail are excessive for wild bobwhite. We tested the hypothesis by comparing immunocompetence, reproductive performance, and chick viability of Northern bobwhite hens fed diets containing low (0.31%), moderate (0.39%), or high (0.47%) concentrations of methionine. Chick viability was determined by assessing immunocompetence, including evaluating the ability of hens to passively transfer immunity to their chicks. Hens were fed the experimental diets for 6 wk on an ad libitum basis. After 6 wk, methionine treatment had no measurable effect (P > 0.20) on hen phytohemagglutinin wing web indices, organ weights, or serum anti-Pasteurella multocida titer indices. Mean egg weight, percentage egg production, total cumulative egg production, yolk weight, yolk volume, and percentage fertile and percentage hatch of fertile eggs did not differ (P > 0.12) among diet treatments. Amount of albumen in eggs produced by hens fed the high methionine diet averaged 0.27 g more (P = 0.003) than eggs of hens fed the low methionine diet. Anti-P. multocida titer of yolks from eggs in Week 6 were not different (P = 0.36) between birds fed the high and the low methionine diets. The mortality rate of chicks after challenge with 23 cfu of P. multocida was not different (P > 0.05) among diets. Chicks hatched from eggs laid by vaccinated hens during Weeks 2 and 3, however, had lower (P < 0.05) mortality than chicks of unvaccinated hens. It appears a dietary methionine concentration of 0.3% may be sufficient for wild Northern bobwhite to produce viable chicks.
INTRODUCTION
Northern bobwhite (Colinus virginianus) populations display wide fluctuations (by 50%) from one season to the next (Lehmann, 1984) . Although population fluctuations often appear to be related to rainfall (Kiel, 1976) , the cause of this pattern has not been determined (Cain et al., 1982; Wood et ah, 1986) . Recent investigations have failed to associate water, protein, or energy availability (potentially caused by drought) to population fluctuations (Wood et al, 1986; Koerth and Guthery, 1990) , possibly because nutrient requirements of quail in the wild have not been clearly established (Murphy, 1994; NRC, 1994) .
Bird requirements for protein actually reflect an overall requirement for nitrogen and approximately 10 essential amino acids (NRC, 1994) . Consequently, a diet can be relatively high in protein content, but deficient in individual amino acid nutrients. For example, Boren (1992) observed that quail diets in central Oklahoma contained adequate levels of crude protein but were deficient (relative to tentative NRC requirements) in all essential amino acids except valine, histidine, and threonine in May, and all essential amino acids in February. Diets of Northern bobwhite were especially low in methionine (0.29% dry weight) during the breeding season in May (Boren, 1992) , satisfying only 64% of the recommended levels for breeding Japanese quail (Coturnix coturnix; NRC, 1994) . Similar levels of methionine deficiency have been shown to greatly reduce fecundity in domestic poultry as a result of reductions in clutch size, egg weight, fertility, hatchability, embryo development, and chick immunocompetence (Gilbert and Pearson, 1983; Muramatsu et al, 1987; Klasing and Barnes, 1988) . Because such drastic declines in similar fitness measures have not been observed in wild populations of Northern bobwhite, we hypothesized that dietary methionine levels recommended by NRC (1994) for breeding quail are considerably above those required by wild bobwhite. We tested this hypothesis by comparing reproductive performance and chick viability of Northern bobwhite hens fed diets containing low (compared to wild breeding bird diets), moderate, and high concentrations of methionine. Chick viability was determined by assessing immunocompe- tence, including evaluating the ability of hens to passively transfer immunity to their chicks.
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MATERIALS AND METHODS
Maintenance of Animals
Adult Northern bobwhite from an outbred colony (El Reno Gamebird Farm, El Reno, OK 73036) were weighed and randomly assigned to replicate cages (Hurlbert, 1984; Maguire and Williams, 1987) in groups of four females and one male per cage (91 x 71 x 27 cm). Cages were stacked to form five levels. One replicate cage per level was randomly assigned to each treatment. Birds were housed under a 18 h light:6 h dark photoperiod with feed and water provided for ad libitum consumption.
Experimental Design
Three isonitrogenous experimental diets were formulated to provide methionine levels of 0. (Medium), and 0.47% (High). DL-Methionine replaced corn in the low methionine diet to yield a high methionine diet (Table 1) . The low and high methionine diets were mixed 1:1 to produce the medium methionine diet. Daily feed intake per cage was measured as the difference in weight between uneaten feed and feed provided the previous day. Daily intake of methionine was calculated by multiplying average daily feed intake by methionine content of the respective experimental diet.
All birds were fed the high methionine diet for a 1-wk acclimation period before being switched to their respective experimental diets; they were fed the experimental diets for 2 additional wk before initiating the experiment to provide a period for amino acid depletion (Harms and Ivey, 1992) . Relationships among methionine requirement, reproduction, and immunocompetence were evaluated over the subsequent 6-wk experimental trial.
Females were weighed 1, 2, and 6 wk after start of the experimental trial. Eggs were collected daily from each cage. One-half the eggs laid in each cage collected on Days 2 to 6 of Weeks 1,2,3, and 5 were incubated as a group in plastic trays in a Sportsmaster incubator® 2 until they hatched. Eggs were stored at 10 C in a humidified chamber before placement into the incubator as a group on Day 6 of Weeks 1, 2, 3, and 5. Egg fertility and hatchability were determined for each experimental group. After hatching, chicks were leg-banded and placed in a single floor brooder as described by Wilson and Dugan (1987) . Chicks were weighed at hatching and 10 d of age. Chicks were given ad libitum access to water and a quail starter feed.
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Egg Composition Analysis
Eggs produced on the last 3 d of each week were weighed. Eggs not placed in the incubator were carefully opened with scissors and the contents separated into shell, yolk, and albumen. Wet weight of yolk and albumen were recorded. Yolk volume was determined by water displacement. Yolks were diluted 1:1 (vol/vol) with PBS. This solution was vortexed and then centrifuged at 2,500 rpm for 15 min. The yolk supernatant was stored at -20 C until analyzed. Yolks that ruptured before dilution were not included.
Concentration of immunoglobulin Y (IgY) in yolk and lysozyme in albumen samples of birds fed the high and low methionine diets were determined for eggs that were not incubated from Weeks 3 and 6. The IgY concentration of yolk supernatants from eggs collected the last 4 d of Weeks 3 and 6 were processed through the gamma Yolk™ separation kit 4 according to the manufacturer's instructions. Yolk supernatant (300 fih) was processed to obtain > 90% pure IgY. Samples were resuspended in their original 300-jiL volume, and IgY concentration of duplicate samples determined using the Bio-Rad protein assay 5 and a Serachem® (human) level 1 standard.6 Yolk supernatants also were assayed for concentration of antiPasteurella multocida antibody.
Yolk supernatants from eggs of Northern bobwhite fed either the high or low methionine diet and collected the last 3 d of Week 6 were assayed for anti-P. multocida specific antibodies. Anti-P. multocida specific antibodies in yolk supernatants were determined by the Avian Medicine Laboratory of the Poultry Diagnostic Center, University of Georgia, Athens, Georgia, using the Flockchek®: Anti-Pm(C), 7 a P. multocida antibody test kit for detection of antibody in chicken serum. Kits were used according to manufacturer's recommendations with the modification that yolk supernatants were diluted 1:20 in PBS before analysis. Known negative samples from Northern bobwhite were included with each run. An anti-P. multocida titer index was calculated as optical density (OD) of yolk supernatant minus their respective manufacturersupplied negative controls.
Lysozyme concentration in albumen was determined using a modification of the technique described by Osserman and Lawlor (1966) . Briefly, a 0.5% Micrococcus lysodeikticus s solution in 1% agarose (pH 8.6) was poured into immunodiffusion plates. Previously diluted (1:50 in PBS) albumen samples (5 \iL) were placed in wells cut into the plates, which were subsequently incubated in a humidified chamber at 37 C for 4 h. Diameters of cleared rings were measured to the nearest 0.1 mm. Lysozyme standards from hen egg white 8 were used to prepare a standard curve by plotting ring diameters against the log of standard concentrations; unknown albumen samples were compared to the resulting standard curve.
Cell-Mediated Immunity
Cell-mediated immunity of adult females was assessed on Day 2 of Week 7 by measuring in vivo wing web responses to an intradermal injection of the T cell mitogen phytohemagglutinin (PHA) 8 (Cheng and Lamont, 1988) . Twenty-four hours prior to this measurement, birds were injected in the right wing web with 0.5 mg of PHA (dissolved in 0.1 mL of PBS) and in the left wing web (control) with 0.1 mL of PBS. Wing web thickness was measured using a pressure-sensitive dial gauge to the nearest 0.002 mm immediately before and 24 h after injection. Cell-mediated immune response (wing web index) was calculated as the difference in swelling between the PHA and PBS (control) injected sites.
Pathogenic Challenge and Vaccination Protocol
An anaculture (bacterin-toxoid preparation) was prepared from Avichol®, 9 a live vaccine containing the Clemson University (CU) strain of P. (Dabbert and Lochmiller, 1995) . This CU strain of P. multocida was grown in tryptic-soy broth in a shaker incubator at 37 C for 24 h, at which time bacterial cell counts were determined. Bacteria were killed by adding formalin directly to the broth culture to a final concentration of 0.3%, followed by incubation for another 24 h. Killed bacteria were adjusted to 2 x 10 9 cfu/mL in a solution of 1:1 (vol/vol) anaculture and alhydrogel.
10 All 60 female Northern bobwhite were injected intramuscularly with 0.5 mL of bacteria in the right Pectoralis the 1st d of the 6-wk experimental trial. Birds received an identical secondary vaccination 1 wk after the primary vaccination. An additional cage of four females and one male were maintained on the high methionine diet throughout the experiment but were not vaccinated. These females and their eggs and progeny were used as negative vaccination controls throughout the experiment but not included in experimental diet analyses. Females were anesthetized with an intramuscular injection of 5 mg ketamine hydrochloride 11 in the right Pectoralis before blood collection or euthanasia. Blood was collected into heparinized-microhematocrit tubes via brachial venipuncture immediately following measurement of wing webs, for packed cell volume and prechallenge serum collection; sera were stored at -70 C until analyzed. Prechallenge sera were assayed to determine anti-P. multocida antibody concentrations using the same kits and methodology as previously described. In this case, however, sera samples were diluted 1:100 in PBS before analysis. Known negative samples from Northern bobwhite were included with each run. An anti-P. multocida titer index was calculated as optical density of sera samples minus their respective manufacturer-supplied negative controls.
All 60 vaccinated females and the four unvaccinated control females were injected intramuscularly in the thigh muscle with 12,000 cfu of Avichol® in 100 fiL of PBS on Day 2 of Week 7. Survival was monitored for 1 wk. Anesthetized hens surviving pathogenic challenge were bled by cardiac puncture into vacuum tubes for serum, and subsequently euthanatized by cervical dislocation; sera were stored at -70 C until analyzed. Liver, spleen, ovaries, oviduct, and adrenal gland of each female were removed, blotted dry, and weighed. Weights were standardized for body size as percentage of 6-wk body weight. Serum triglycerides, uric acid, total proteins, and albumen were colorimetrically determined using a Cobas Mira® wet chemistry analyzer 12 and recommended procedures of the manufacturer.
Chicks of vaccinated and unvaccinated hens were injected intramuscularly in the left thigh with 23 cfu of Avichol® in 100 fiL PBS. Chicks were challenged at 10 d of age. Survival of chicks also was monitored for 1 wk (Dabbert et al., 1995) .
Statistical Analysis
Effect of dietary methionine concentration on differences in feed intake, body weight, hematological parameters, organ weight, egg composition parameters, Difference in swelling between phytohemagglutinin-and PBS-injected wing webs. Anti-P. multocida titer index was calculated as optical density of sera samples minus their respective manufacturer-supplied negative controls. egg hatchability and fertility, and measures of humoral and cell-mediated immunity were tested using an ANOVA with a randomized block design (five blocks). Week of experiment was included as a second factor in analyses of variables that were measured more than once.
Week FIGURE 1. Daily feed consumption (5c ± SE) of breeding Northern bobwhite hens fed isonitrogenous (-18% crude protein) diets that varied in methionine concentration. Birds consumed feed ad libitum for 6 wk; no difference in feed intake was observed among methionine groups so all data were pooled across week of trial. Means with no common superscript differ significantly.
A Bartlett-Box F test was used to test for homogeneity of sample variances for all dependent variables. The PHA wing web indices and optical density of postchallenge sera were log transformed; feed intake per bird and percentage egg fertility were rank transformed. Differences among treatment means were tested by using the least significant difference test (Norusis, 1990) . Statistical significance was indicated at P < 0.05, and all values are reported as mean ± standard error. Relationships among immune parameters of hens and postchallenge hen survival were evaluated using logistic regression. Differences between OD of prechallenge sera and known negative sera were tested using a separate variances t test. All statistical analyses were conducted using the Statistical Package for Social Sciences® (SPSS; Norusis, 1990) . Difference in mortality after P. multocida challenge between treatments was tested using a Z-test for binomial proportions (Ott, 1988) .
RESULTS
Body weight of hens averaged 214.7 ± 2.2 (SE) g (n = 20) at the start of the experiment and did not differ (P = 0.58) among diets. Methionine treatment had no influence on body weight (P = 0.79), which remained unchanged (P = 0.80) over the course of the study (Table  2) . Feed intake was similar (P = 0.46) across diets but increased (P < 0.001) during the last 3 wk of the study (Figure 1) .
Methionine treatment had no measurable effect (P > 0.20) on PHA wing web indices, packed cell volume, organ weights, or anti-P. multocida titer indices of prechallenge serum samples (Table 1) . Mean anti-P. multocida titer index of prechallenge sera was more than fourfold greater (P < 0.002; Table 2 ) than mean anti-P. multocida titer index of known negative birds (7.6 ± 5.0). 6.6 5.6 1.9 ± 167 ± 1.10 ± 0.10 ± 0.22 5 882 ± 153 6.6 ± 0.86 4.9 ± 0.15 1.9 ± 0.12
Mortality rates of vaccinated hens following Avichol® challenge did not differ (P > 0.5) among dietary treatments; the mortality rate of unvaccinated hens (100%; n = 4) was greater (P < 0.001) than that of vaccinated hens. Prechallenge mean anti-P. multocida titer index and PHA wing web index were not related (P = 0.3) to the postchallenge mortality rate of vaccinated hens (Table 2) . Methionine treatment had no measurable effect (P > 0.20) on postchallenge serum concentrations of triglycerides, uric acid, total protein, or albumen (Table 3) . Mean egg weight, percentage egg production, total cumulative egg production, yolk weight, and yolk volume did not differ (P > 0.3) among diet treatments from Weeks 1 to 6 (Table 4) . Egg weight and yolk weight increased (P < 0.003), whereas percentage egg production decreased (P = 0.004) over the 6-wk feeding trial (Table 5) . Yolk density was lower (P = 0.005) in birds fed the high (x = 0.94 ± 0.01) methionine diet than in those fed the low methionine diet (x = 1.00 ± 0.01). Amount of albumen in eggs produced by hens fed the high-methionine diet averaged 0.27 g more (P = 0.003) than eggs of hens fed the low methionine diet (Table 4) . Amount of albumen in eggs increased (P < 0.001) over the course of the 6-wk trial (Table 5) . Concentration of lysozyme in the albumen fraction and IgY in the yolk fraction of eggs did not differ (P > 0.24; Table 4) across diets, but both decreased (P <, 0.02) from 3 to 6 wk (Table 5) . Anti-P. multocida titer of yolk supernatants from eggs collected the last 3 d of Week 6 were not different (P = 0.36) between birds fed the high (x = 0.060 ± 0.008) and low (x = 0.053 ± 0.005) methionine diets. Weight of chicks at hatch and at 10 d of age were not different (P > 0.3) among diets; however, weight of chicks at hatch and at 10 d of age increased (P < 0.004) slightly after Week 2 (Figure 2 ). Percentage fertile (x = 86.3 ± 0.02) and percentage hatch of fertile (x = 81.5 ± 0.02) eggs were not different (P > 0.12) among diets or weeks. Chick mortality rate after challenge with 23 cfu of P. multocida was not different (P > 0.05) among diets. Chicks of eggs laid by vaccinated hens during Weeks 2 and 3 had lower (P < 0.05) mortality rates than chicks of unvaccinated hens (Figure 3 ).
DISCUSSION
Vaccination of Northern bobwhite hens with an anaculture made from Avichol® provided them protection from the live bacterium that normally causes 70 to 100% mortality in unvaccinated birds (Dabbert et ah, 1995) . This immunity was passively transferred to their progeny, providing significant protection against subsequent challenge with the live bacterium. This passive transfer of immunity was not compromised by dietary methionine levels of 0.3%. Although hens fed the high methionine diet consumed an average 28 mg/d more methionine than those fed the low methionine diet, we observed no enhancement of Northern bobwhite reproductive fitness within our captive setting. Our data suggest that dietary methionine levels recommended by NRC (1994) for breeding quail are excessive for wild Northern bobwhite. It appears a dietary methionine Means within rows with no common superscript differ significantly (P < 0.05).
Week Laid
FIGURE 2. Weight (S ± SE) of Northern bobwhite chicks at hatch and at 10 d of age of hens fed diets containing three different levels of dietary methionine. Weights were not different among diets so all data were pooled across week of lay. Means of the same age with no common superscript differ significantly. concentration of 0.3% may be sufficient for wild Northern bobwhite to produce viable chicks.
The NRC (1994) recommends feeding diets containing 0.90% methionine + cystine and 24% crude protein for breeding Northern bobwhite to support maximum production. Increasing crude protein content of diets fed to breeding Northern bobwhite hens from 12 to 18%, with a constant total sulfur amino acid content of 0.869%, results in increases of egg weight, production, and fertility (Aboul-Ela et ah, 1992) . However, no improvements in these parameters are observed by increasing dietary crude protein from 18 to 24% (AboulEla et al., 1992) . Our study suggests a diet containing 18% crude protein and a methionine + cystine concentration of 0.64% is marginally adequate for breeding Northern bobwhite. Other studies suggest that this total sulfur amino acid concentration is close to the requirement. Total sulfur amino acid requirement of breeding Japanese quail has been estimated to be between 0.62 and 0.68% for diets containing 19 to 20% crude protein (Allen and Young, 1980; Shim and Lee, 1988; Shim and Chen, 1989) .
Studies with breeding Japanese quail suggest that when the total sulfur amino acid concentration is 0.62%, dietary methionine content must be between 0.3 and 0.39% to support maximum egg weight (Shim and Chen, 1989) . Reduced weight of albumen in eggs laid by Northern bobwhite fed the low methionine diet in our study suggests that dietary methionine concentration for normal egg composition is slightly greater than 0.31% and less than 0.39%. The reason we observed reduced albumen weight without concomitant reductions in yolk weight may be related to their disparate rates of synthesis. Yolk proteins are synthesized in the liver and are continuously deposited in the ovum until ovulation. In contrast, albumen is synthesized in the magnum of the oviduct over a 3-to 4-h period (Penz and Jensen, 1991) . The ecological significance of reduced albumen availability for wild hatchling Northern bobwhite is unclear. Because whole-body protein synthesis is reduced in bird embryos as the albumen content of the egg is reduced (Muramatsu el ah, 1990) , Northern bobwhite chicks hatched from eggs with low albumen weights may have a reduced probability of survival.
